Abstract-This paper aims at proving the application of the fault location method based on the Electromagnetic Time Reversal (EMTR) to multi-terminal HVDC (MTDC) networks. In particular, the paper integrates the EMTR fault location technique with the protection scheme recently proposed within the EU project TWENTIES. Further, in view of the peculiarity of the fast protection schemes required by HVDC applications, the paper discusses the performances of the EMTR-based fault location technique by using limited time-windows over which the fault-generated electromagnetic transients are time-reversed. The paper also discusses the advantage of the EMTR fault location related to the use of a single observation point to the case of MTDC grids. Indeed, such a peculiarity may represent a major advantage avoiding necessary time synchronization between the MTDC-fault recording stations and might represents, also, a backup protection system. The performances of the proposed method are validated by numerical simulations obtained using the EMTP-RV simulation environment where electromagnetic fault-transients are reproduced with reference to the MTDC benchmark network of the project TWENTIES.
INTRODUCTION
In modern power systems, HVDC transmission lines are widely used as an alternative for conventional ones. As known, these transmission systems enable the possibility of transferring high amount of power over long distances as well as interconnecting large parks of renewable-type generators typically composed of off-shore wind farms. Due to the nature of the HVDC systems, the protection and fault location in HVDC transmission systems are crucial issues [1] [2] [3] and the major challenge is represented by the need of identifying the faulted line within time windows of few milliseconds.
For the case of AC transmission lines, as summarized in [4] , existing fault location methods can be classified in two general categories: (i) analysis of pre-and post-fault voltage/current phasors and, (ii) analysis of fault-originated electromagnetic transients of currents and/or voltages.
For the case of HVDC transmission, the first category of fault location methods cannot be obviously applied. Thus, in general, fault location methods for HVDC transmission are based on traveling waves [1] . In this respect, existing traveling wave-based fault location methods for two-terminal HVDC transmission systems are classified in two further general categories (e.g., [5, 6] ): (i) methods based on one terminal measurement, and (ii) methods based on two terminal measurements. Compared to the methods based on oneterminal measurement, two-terminal measurement methods provide, as expected, higher fault location accuracy. However, they require synchronization between the measurements at each terminal, adding a non-negligible complexity to the system [6] .
Multi-terminal DC networks (MTDC) provide more reliability of the interconnected network. However, the protection and fault location are even more challenging for these types of networks compared to point-to-point HVDC links. Generally, they require fast communication links [7] . In particular, due to the multiple paths for the travelling waves in the MTDC network, the fault location problem is more complicated compared to the case of two-terminal HVDC lines.
In order to provide a solution to this problem, this paper presents a procedure based on the theory of Time-Reversal Process [8] [9] [10] [11] [12] [13] [14] [15] applied to traveling waves in transmission lines [16, 17] using measurements at one terminal only.
The basic idea of the EMTR is to take advantage of the reversibility in time of the wave equation. The applicability of the EMTR technique to locate faults in transmission lines was recently presented in [16, 17] . It was shown that, when electromagnetic transients observed in specific observation points are time-reversed and back-injected into the system, or in a simulated version of it, they would converge to the source (fault) location.
The purpose of this paper is to extend a modified version of the algorithm presented in [16] as a fault locator tool for MTDC networks. It uses a single-measurement terminal. Further, we will show that, even with limited time-reversed windows adopted to observe the post-fault transients, the proposed fault location method is still robust with limited fault location errors.
The proposed fault location technique is composed of two steps. First, the faulted DC line is identified using the approach proposed in [18] . Then, this information is used in a second step to select a specific observation point at which, the recorded electromagnetic transients, are time-reversed and back-injected into an emulated network model for different guessed fault locations. In particular, due to the fast protection system of MTDC networks, which yields in opening the faulted line breakers in only a few milliseconds, the proposed method is based on the use of a limited time reversal window, (normally the first 5 ms of the recorded transient signals are used in the time reversal process). For each guessed fault location, the energy of the current signal flowing through it is evaluated in order to infer the potential fault location.
The structure of the paper is as follows. Section II presents briefly the protection scheme assumed to be used for detecting the faulted line in the MTDC network. Then, Section III describes the basic concept of the EMTR theory. In Section IV, the EMTR-based fault location algorithm is presented for the case of MTDC networks where a limited time reversal window is used. Section V illustrates the application of the proposed method using EMTP-simulated cases referring to a MTDC network. Section VI discusses the sensitivity of the fault location accuracy as a function of the length of the timereversal window of the measured electromagnetic transients and, finally, Section VII concludes the paper with a summary and conclusions.
II. PROTECTION SCHEME FOR IDENTIFYING THE FAULTED LINE INTO A MTDC NETWORKS
The multi-terminal DC grid under study has been defined during the European TWENTIES project and consists of five nodes connected to AC sources or AC grids, and five bipolar undersea power cables (±320kV) as depicted in Fig.1 . However, in this paper we have assumed that these links are composed by overhead (OH) bipolar transmission lines 1 . As known, two types of faults can occur: either pole-to-ground faults, or pole-to-pole faults.
The objective of the protection scheme is to protect the components of the grid but, also, to be selective, which means that, if a fault occurs on a cable/OH line, only the faulted line has to be isolated from the healthy part of the grid. To ensure this selectivity, a protection relay needs to be installed at each end of line, on each pole, and on both sides of the busbars, as shown in Fig.1 . Each protection relay is associated with a DC circuit breaker and a current sensor.
Note that DC line insulation faults only are considered here. The major constraint on the protection strategy is the very short response time required for the algorithms, which are relative to the components resistance under fault conditions. Indeed, the anti-parallel diodes of the VSCs can only withstand a current up to 2pu. Thus, the protections have a very short time to operate (in the range of 10 ms) including the time to detect the 1 Note that, the system is symmetrical bipolar without metallic return. fault, to discriminate between the faulted and healthy parts of the grid and the opening time of the circuit breakers.
The proposed protection plan consists of three different protections:
• a main cable protection, • a busbar protection, • a backup protection. The main protection algorithm has been proved to be selective in [18] . It makes it possible to detect a fault occurring on a cable and to send a tripping order to DC circuit breakers of each end of the faulted link. The busbar protection is set to protect the grid against DC faults occurring between each sensor, and sends a tripping order to both feeders and source breakers. Then, a backup algorithm trips all breakers of the busbar in case of failure of the main protection. The main cable protection algorithm is detailed below.
The main protection consists of the selective detection of faults occurring on a DC cable. The selectivity of the algorithm is achieved by using a telecommunication link (optic fiber) set up in parallel to each power cable. Hence, each line protection exchanges its own information with the opposite line-end protection. Considering that fact, several algorithms can be implemented. The easiest one, in terms of computation time and robustness, has been chosen. It is based on the evaluation of the differential current, and is adapted to the dynamics of the signals under fault conditions in DC grids. The algorithm governing the protection is displayed below (see [18] for further details):
where I TH is a threshold and Idiff is the differential current defined as the difference between the currents measured at the ends of the cable. An ideal synchronization of the data is assumed in this paper, so that the differential current is computed thanks to 2 values measured at the same absolute time. The delay corresponding to data propagation through the optical fiber is taken into account.
The fault propagates both ways along the cable, resulting in a perturbation in the current at both ends of the faulty cable, which does not happen necessarily at the same time if the fault is not at the middle of the cable. The differential current is positive as soon as the fault perturbation reaches one end of the faulty cable. For a healthy link, the fault perturbation reaches first one end, leading to a negative front in the differential current, and then the fault reaches the other end. Thanks to a high enough frequency sampling rate, the negative front in the differential current of a healthy link can be detected, and thus the protection blocked. The differential current protection mentioned in the paper takes its decision on the sign of the first front.
III. BASIC CONCEPT OF THE EMTR THEORY
In order to examine the applicability of the EMTR to the problem of fault location in transmission lines, let us consider the case of a lossless, two-conductor line (or a single wire above a perfectly conducting ground). As well-known, the Telegrapher's equations describing the wave propagation along the line are given by
in which ( , ) v x t and ( , ) i x t are voltage and current waves along the line, and ' L and ' C are the per-unit-length inductance and capacitance of the line, respectively.
Applying the time reversal transformation t t → − to the Telegrapher's equations and changing the sign of the current
It can readily be seen that equations (4)- (5) are formally identical to equations (1)-(2). Therefore, the Telegrapher's equations for lossless lines are invariant under time reversal transformation [16, 19] .
It is worth noting that, EMTR has been shown to be effective even for lossy lines and in particular for power network transmission lines, which are characterized by a small value for the longitudinal resistance [16] .
In general, time reversal process requires that the signals s i (x,t) be measured at multiple observation points during a finite period of time (the so-called time reversal window T Δ ). However, for the particular case of waves confined in a closed reflecting medium, the time reversal technique has been shown to be efficient with only one observation point [20] . This feature fits the conditions associated with travelling waves in electrical power systems composed of transmission lines terminated by generic power components (i.e., transformers, power converters, etc.) [16] .
Moreover, in [16, 17] , the time reversal window has been chosen long enough so that the recorded transient signal s(x,t) is damped out. In order to relax this assumption, this paper examines the applicability of the EMTR technique with the limited time reversal window for the fault location problem in MTDC networks.
IV. EMTR-BASED FAULT LOCATION ALGORITHM WITH
LIMITED TIME REVERSAL WINDOW An EMTR-based fault location technique has been successfully applied for locating faults in inhomogeneous networks, radial distribution networks [16] and seriescompensated transmission lines [17] . In these cases, it has been assumed that the fault location system operates after the protection relays maneuver and the time delay of the protection system and the breakers opening time is long enough so that the recorded transient signals are damped out. However, for the case of MTDC networks this assumption is not valid since, as discussed before, the protection system must disconnect the faulted line in less than 10 ms in order to prevent damage to the power converters [21] . As a consequence, the observation points located at the converter sides are not able to record the full time window of the fault-originated traveling waves.
After the opening of faulted line breakers, the system configuration and the boundary conditions associated with the travelling waves are changed. In this respect, it is worth noting that one of the main hypotheses in time reversal theory is that the system configuration should remain unchanged during the time-reversal process. In addition, the breakers opening introduces additional surges that propagate in the system with additional travelling waves superimposed to the faultoriginated ones. Therefore, the proposed EMTR-based fault location technique has to be suitably modified in order to overcome this problem.
One straightforward approach to solve this problem is to consider a time window of the recorded transient signals prior to the opening of the breakers, so that only the fault originated travelling waves are considered.
As mentioned in Section III, Fink and co-workers [20, 22] have shown that, in a closed reflecting medium, it is still possible to locate the source by using a limited time reversal window. In this paper we will take advantage of this feature of the time reversal process for the case of MTDC networks where the fault-originated transient signals are cut due to the protection system and corresponding breaker operations.
The flow-chart of the proposed method is shown in Fig. 2 and illustrates the step-by-step fault location procedure based on EMTR. As it can be seen, the proposed procedure requires the knowledge of the network topology as well as its parameters. Such knowledge is used to build a corresponding network model.
It has been assumed that the fault location system operates after the protection system operation described in Section II. Therefore, the faulted line and the fault type have been determined in advance. In particular, we assume that the faulted line detection allows to choose the corresponding observation point to time-reverse the measured transients. This observation point is located at one of the corresponding faulted line ends, which is terminated on power electronics converters.
After the determination of the observation point, fault transients, s i (t) (with i=1,2 for positive and negative poles respectively) are recorded in the direct time. It is worth mentioning that we assume these signals are recorded in a finite time window, namely:
where t f is the fault inception time, and T Δ is the time reversal window (in our case it is upper-bounded to 5 ms). It is worth observing that this time window is long enough to observe travelling wave reflections coming from all boundaries of the system.
The unknowns of the problem are: (i) the fault type, (ii) its location, and (iii) its impedance. As already mentioned, the fault location system operates after the relaying maneuver and, therefore, the fault type (i.e., pole-to-ground or pole-to-pole) and faulted line are determined in advance. However, as it will be shown in the next section, the proposed method is also able to determine the faulted line without any prior information.
Concerning the fault location, as shown in Fig. 2 x m K = (corresponding to the faulted line and the rest of the lines) for which the EMTR procedure is applied.
Concerning the fault impedance, as it has been discussed in [16, 17] , it does not affect the fault location accuracy. Thus, a fixed a-priori fault resistance value has been considered.
In the reversed-time state, the recorded signals are reversed in time and back-injected from the observation point into the system for each guessed location , f m x . It is worth noting that, in order to make the argument of the time-reversed variables positive for the duration of the signal, we have added, in addition to the time reversal, a time delay equal to the duration of the recording time T Δ :
For each of the guessed fault locations and type, we can compute the energy of the signal that corresponds to the currents flowing through the guessed fault location as
where N is the number of samples, Δt the sampling time, and As mentioned earlier, although the algorithm operates assuming the faulted line known, equation (9) can be calculated for all the lines composing the system. Therefore, the proposed fault location scheme can be used, in principle, as a backup protection to identify the faulted line.
According to the EMTR method, the energy given by (9) is maximized at the position of the fault [16] . Thus, the maximum of the calculated signal energies (of guessed fault current Action Integrals) will indicate the real fault location:
It is worth noting that, in [16] , the method has been validated by means of an experimental setup that, by nature, includes the presence of measurement noise. Additionally, as shown in [16] , the EMTR-based fault location technique was 2 it is worth noting that in this case the energy of this current corresponds also to its Action Integral able to successfully identify the correct fault location even in presence of the measurement noise.
V. APPLICATION EXAMPLE
To examine the performance of the proposed method, an application example is considered by making reference to the MTDC network shown in Fig. 1 and adapted from [18] .
The network has been simulated in the EMTP-RV simulation environment [23] [24] [25] where the lines are represented by constant parameters models (CP).
The lines are assumed to be terminated at on power converters which, for signals characterized by high-frequency spectrum content, can be replaced by high impedances (100 kΩ in this study). Such an approximation is justified by the fact that the typical input impedance of HVDC converters on the DC side is, for frequencies above a few hundreds of kHz, in the order of a few hundreds of kΩ.
It is worth observing that a detailed model of the converters is not needed since the analyzed time windows are extremely short (i.e., few milliseconds). In this respect, the post fault blocking action of the converter controllers will take place, typically, after the analyzed fault location window.
In Fig. 1, OP1 , OP2, OP3, OP4 and OP5 are the observation points corresponding to each node of the network where voltage transients are recorded for both positive and negative poles. Note that the time reversal of the voltage versus current waveforms is equivalent.
As mentioned earlier, the observation point is chosen after the determination of the faulted line by the protection system. In other words, there are two observation points in correspondence of each line where one of them is chosen arbitrary for the fault location problem.
To examine the performance of the proposed method, three fault cases are considered: (i) a pole-to-pole fault at 20 km of line 1 for a solid fault, (ii) a pole-to-ground fault at 20 km of line 2 with fault impedance of 10 Ω, and (iii) a pole-to-ground fault at 160 km of line 5 with the fault impedance of 10 Ω. In this paper, for the sake of space, the high impedance faults have not been considered. However, as shown in [16] , the method is still robust even for the case of high impedance faults.
For each of these cases, the protection system sends the trip signal to the corresponding breakers to disconnect the faulted line. Moreover, a fault occurrence generates travelling waves which propagate along all transmission lines. These transient signals are recorded at the observation point. For the considered fault cases, the observation points are OP1, OP1, and OP 5, respectively. Fig. 3 shows the recorded pole-to-ground voltage transients for the positive and negative poles in OP1 concerning the fault case #1. The green line indicates the breaker opening time. As it can be seen, the opening of the breakers changes the behaviour of the travelling waves propagations. The first 5 ms of these signals, as shown in the zoomed part, are used for the proposed fault location method.
After time reversing the first 5 ms of the recorded signals, and by assuming the knowledge of the fault type, the same fault type is realized in the time-reversed domain and the position of the guessed fault location is moved along the faulted line as well as for the rest of other lines. Concerning the fault impedance, an a priori fixed value (Z f = 0 Ω) has been assumed. Figs 4, 5, and 6 show the energy of the fault current signals flowing through the guessed fault points for the considered three fault cases. In these figures, the fault current signal energies are illustrated for the faulted line (solid curve) and the rest of the lines (dashed curves) where, the energy values are normalized to the corresponding peak value of the real fault point.
As it can be observed, the proposed method is remarkably effective in identifying the fault location for all the three fault cases by using limited time reversal window and just a single observation point. In particular, for the considered three fault cases, the fault location error are 1 km (1%), 200 m (0.26%), and 0 km (0 %), respectively.
Further, the proposed method allows the identification of the faulted line correctly. Therefore, it can be used, in principle, as a backup protection system provided that it is deployed into fast-enough computational hardware composed, for instance, by an FPGA-based simulation environment (e.g., [26] ). 
VI. SENSITIVTY OF THE FAULT LOCATION AS A FUNCTION OF THE TIME-REVERSAL WINDOW LENGTH
In order to evaluate the effect of time reversal window duration on the accuracy of the EMTR fault location method, an additional sensitivity analysis has been carried out. To this end, for the fault case #2, the proposed method is applied for five different time reversal window durations, i.e., 3, 4, 5, 7, and 180 ms. The last one corresponds to the time window for which the entire transient is damped out.
The performance of the proposed fault location method for the different time reversal window durations is shown in Fig.  6 . It can be observed that the increase in the time reversal window duration results in a narrower peak around the localized fault point, and provides better accuracy. However, windows lengths compatible with HVDC protection needs are still adequate to perform the fault location functionality. VII. CONCLUSION In this paper, the applicability of the fault location method based on the electromagnetic time-reversal theory was presented to the case of multi-terminal DC (MTDC) networks. The EMTR fault location method is integrated in cascade with the MTDC protection scheme recently proposed within the TWENTIES EU project.
The paper has then proposed an MTDC networks fault location scheme composed by the following steps: (1) determination of the observation point based on the corresponding faulted line, (2) measurement of the faultoriginated electromagnetic transient in the single observation point, (3) simulation of the back-injection of the time-reversed measured fault signal for different guessed fault locations using a network model capable of representing traveling-waves, and (4) determination of the fault location by finding, in the network model, the point characterized by the highest energy concentration associated with the back-injected time-reversed fault current.
It is worth observing that, by construction, the proposed EMTR fault location scheme requires the use of a single observation point. This peculiarity may represent a major advantage avoiding necessary time synchronization between the MTDC-fault recording stations and the transfer of large amount of fault-transients among the MTDC network faultrecorders.
Additionally, in order to be compatible with the fast action of the MTDC network protections, the paper has discussed the robustness of the EMTR-based fault location scheme with respect to limited time windows used to time reverse the faultoriginated electromagnetic transients. Such an analysis is of particular importance since only few milliseconds of faultoriginated transients can be used before the intervention of the line breakers. In this respect, the sensitivity of the proposed fault location method has been analyzed against such a time reversal window length and its robustness has been proved.
In summary, the proposed fault location scheme exhibits characteristics that justify its applicability also to the case of MTDC networks for which it may represent, also, a valid backup protection scheme provided it is deployed in adequate hardware capable of performing the time-reversal operation in reduced time.
